To find novel skin-whitening agents, the melanogenesis inhibitory action of gallic acid (GA) was investigated. In this current study, the effects of GA on mushroom tyrosinase, tyrosinase inhibitory activity, and melanin content were assessed in B16 melanoma cells (B16 cells). Results indicated that GA has a strong antityrosinase activity (IC 50 ‫01؋95.3؍‬ ؊6 M). Furthermore, data on murine tyrosinase activity and melanin biosynthesis revealed that GA effectively suppressed murine tyrosinase action and the amount of melanin. To investigate the relation between GA's inhibition of melanogenesis and antioxidant activity, the effect of GA on reactive species (RS) generation and the reduced glutathione (GSH)/oxidized glutathione (GSSG) ratio in were determined in B16 cells. Results indicated that GA effectively down-regulated the RS generation and enhanced the GSH/GSSG ratio. Based on these results, I propose that GA exerts antimelanogenic activity coupled with antioxidant properties by suppressing RS generation and maintaining a higher GSH/GSSG ratio.
Melanin production is principally responsible for skin color and plays a significant role in protection the skin from UV light; while overproduction and accumulation of melanin result in various skin dermatological disorders including melasma, freckles, age spots, and sites of actinic damage or other hyperpigmentations. 1, 2) Thus, melanogenic inhibitors have become increasingly important ingredients in medication 3) and cosmetics 4) for the prevention of hyperpigmentation. Tyrosinase (polyphenol oxidase), a copper-containing monooxygenase, is a key enzyme involved in melanogenesis. 5) Tyrosinase catalyzes two different reactions: hydroxylation of tyrosine and oxidation of the o-diphenol product, L-DOPA. DOPA oxidation generates a highly reactive intermediate, which is oxidized to form melanin through a radical-coupling pathway. In fact, the melanocyte is under continuous lowgrade oxidative stress, as melanogenesis leads to the production of hydrogen peroxide that, if inappropriately processed, can cause the generation of hydroxyl radicals and other reactive species (RS). 6) UV light and oxidative stress caused by excessive RS are casually linked to skin disorders, 7) indicating that antioxidants may have a beneficial effect on skin health. It is also known that RS are considered to play significant roles in the regulation of the melanocytes proliferation and melanogenesis, while RS scavengers and inhibitors of RS generation may down-regulate hyperpigmentation or thwart new UV-induced melanogenesis.
8) The inhibition of melanogenesis may be related to GA's antioxidant activity in scavenging reactive oxygen species.
3) Antioxidants such as ascorbic acid derivatives are used as melanogenesis inhibitory agents, 9) and reduced glutathione (GSH) is a well known biological antioxidant that acts as a quencher of oxidative insults, thereby playing a significant role in the inhibition of melanogenesis.
10) Recently, we reported that the antimelanogenic action of 4,4Ј-dihydroxybiphenyl is likely carried out by a combined effect of its antioxidant properties and its ability to increase GSH levels.
11)
Many phenolic compounds are known to show potent antioxidant activity, 12) and a number of naturally occurring melanogenic inhibitors contain a phenol structure. [13] [14] [15] Gallic acid (GA, 3,4,5-trihydroxybenzoic acid) is a naturally occurring polyphenol antioxidant that was recently shown to have potentially healthy effects 16) ; however, the inhibitory action of GA on skin melanogenesis has not been fully explored.
In this present work, I attempted to investigate the effect of GA on the mushroom tyrosinase activity, tyrosinase activity, and melanin content in B16 melanoma cells (B16 cells). Furthermore, I looked into the melanogenesis inhibitory effect of GA associated with its antioxidant property by assessing its effect on RS suppression and the GSH/GSSG (oxidized glutathione) ratio.
MATERIALS AND METHODS
Materials GA, a-melanocyte-stimulating hormone (a-MSH), and all other chemical reagents were purchased from Sigma Chemical Co. (St. Louis, U.S.A.).
Cell Culture B16 cells (from Korean Cell Line Bank) were cultured in DMEM with 10% fetal bovine serum (FBS; Gibco, NY, U.S.A.) and penicillin/streptomycin (100 IU/50 mg/ml) in a humidified atmosphere containing 5% CO 2 in air at 37°C. B16 cells were cultured in 24-well plates for each assay. All the experiments were determined in triplicate and repeated three times to ensure reproducibility.
Studies on the Effect of GA on Tyrosinase Activity. a) Mushroom Tyrosinase Activity To evaluate the inhibitory action of GA on tyrosinase, tyrosinase isolated from mushrooms was utilized as described previously with a minor modification. 17) In brief, 20ml of aqueous solution of mushroom tyrosinase (1000 units) was added to a 96-well microplate, in a total volume of 200ml assay mixture containing 1 mM L-tyrosine solution, 50 mM phosphate buffer (pH 6.5). The assay mixture was incubated at 25°C for 30 min.
Following incubation, the amount of dopachrome produced in the reaction mixture was determined spectrophotometrically at 492 nm (OD492) in a microplate reader. IC 50 is the concentration of a drug that inhibits a standard response by 50%. The IC 50 is a value derived from the X-axis. It is determined from the alignment of the dose response curve on the dependent Y-axis. In the present study, to determine the IC 50 of a drug, dose-dependent inhibition experiments were performed in triplicate. I determined the log-linear curves and their equations based on the inhibition percentages at three doses for each experiment. Then, I calculated individual IC 50 when Y-axis showed 50% of the inhibition percentage.
b) Murine Tyrosinase Activity Tyrosinase activity in B16 cells was examined by measuring the rate of oxidation of L-DOPA. 17) Cells were plated in 24-well dishes at a density of 5ϫ10 4 cells/ml. B16 cells were incubated in the presence or absence of 100 nM a-MSH and then treated for 24 h at various concentrations (10-200 mM) of GA. The cells were lysed in 100ml of 50 mM sodium phosphate buffer (pH 6.8) containing 1% Triton X-100 and 0.1 mM phenylmethylsulfonyl fluoride and then frozen at Ϫ80°C for 30 min. After thawing and mixing, cellular extracts were clarified by centrifugation at 12000ϫg for 30 min at 4°C. The supernatant (80ml) and 20ml of L-DOPA (2 mg/ml) were placed in a 96-well plate, and the absorbance at 492 nm was read every 10 min for 1 h at 37°C using an ELISA plate reader.
Estimation of Melanogenesis in B16 Cells
In this present work, melanin content was used as an index of melanogenesis. Determination of melanin content was performed using a modified method of Bilodeau et al. 18) In brief, B16 cells (5ϫ10 4 ) were plated on 24-well, multi-dishes and incubated in the presence or absence of 100 nM a-MSH. Cells were then incubated for 24 h with or without GA at concentrations ranging from 10 to 400 mM. After washing twice with PBS, samples were dissolved in 100ml of 1 N NaOH. The samples were incubated at 60°C for 1 h and mixed to solubilize the melanin. Absorbance at 405 nm was compared with a standard curve of synthetic melanin.
Determination of GA for Cell Viability The cell viability assay was performed by the method of Tada et al. using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma Chemical Co., St. Louis, U.S.A.). 19) In brief, 5ϫ10 4 cells/well were plated in a 24-well plate. After cells were exposed to GA at concentrations of 50, 100, 200, 400 mM for 24 h, MTT solutions were added and the insoluble derivative formed by cellular dehydrogenase was solubilized with EtOH-DMSO (1 : 1 mixture solution); the absorbance of each well was read at 560 nm using a microplate reader.
Measurement of RS Generation in B16 Cells RS generation was evaluated in culture supernatant. 20) Twentyfive mM 2Ј,7Ј-dichlorofluorescein diacetate (DCFH-DA) was added to incubation media, and changes in fluorescence were estimated at an excitation wavelength of 486 nm and emission wavelength of 530 nm for 30 min.
Assay of GSH and GSSG Levels GSH and GSSG levels were estimated by the method of Pandey and Katiyar. 21) Twenty-five percent of the meta-phosphoric acid-added cell pellets were centrifuged at 12000ϫg for 10 min, and the supernatant was taken for assay. For GSH, 1 mM EDTA-50 mM phosphate buffer was added to the supernatant followed by ophthaladehyde. After 20 min at room temperature, the fluorescence was estimated at excitation wavelength of 360 nm and emission wavelength of 460 nm. GSSG was assayed after preincubated with N-ethylmaleimide for 20 min and 0.1 M NaOH was replaced for 1 mM EDTA-50 mM phosphate buffer.
Protein Assay The concentration of protein was assessed by Bicinchoninic Acid protein assay. 22) All samples were assayed in triplicate.
Statistical Analysis Data were collected as meanϮ S.E.M. (nϭ5) and the biological significance pϽ0.05 was determined by the Student's t-test. Figure 2 shows the results of the inhibition of mushroom tyrosinase activity by GA. Data show that the inhibitory potency of GA on mushroom tyrosinase was doserelated. A low IC 50 value of GA (3.59ϫ10 Ϫ6 M) reveals that the potency was significantly higher compared to kojic acid (IC 50 ϭ59.72ϫ10 Ϫ6 M), which was used as a control. The Effect of GA on Cell Viability The data from the cell viability assay using MTT for B16 cells are shown in Fig. 3 . At growth doses of 50, 100, 200, and 400 mM of GA, cell viability was 99.1%, 98.3%, 93.5%, and 90.6%, respectively, in 24 h treatments. These data clearly indicated the non-cytotoxic nature of GA. 
RESULTS

Inhibitory Action of GA on Mushroom Tyrosinase Activity
Inhibitory Action of Tyrosinase and Melanin Content
in B16 Cells
In addition, I investigated the inhibitory effect of GA on tyrosinase activity in B16 cells treated with a-MSH (Fig. 4) . After 24 h incubation with GA, tyrosinase activities were down-regulated, showing 42.6% at 10 mM, 33.9% at 25 mM, 22.0% at 50 mM, 6.89% at 100 mM, and 2.21% at 200 mM compared to the a-MSH treated control group. To gain evidence on the involvement of GA in melanogenesis in B16 cells, the inhibition of melanin production in B16 cells was examined. As shown in Fig. 5 , the melanin content of the cells that were treated with GA decreased in dose-dependent manners, showing 58.3% at 5 mM, 39.0% at 10 mM, 33.6% at 25 mM , 29.5% at 100 mM and 21.4% at 200 mM compared to the a-MSH treated control group.
Down-regulation of RS Generation
The effects of GA on the changes of RS generation are shown in Fig. 6 . RS generation was significantly decreased by GA, showing 71.5% at 5 mM, 33.4% at 10 mM, 27.0% at 25 mM and 20.1% at 50 mM, compared to the control.
Determination of GSH and GSSG Levels and the GSH/GSSG Ratio In our work, the effects of GA on GSH and GSSG levels and the GSH/GSSG ratio were assessed. Table 1 indicates that intracellular GSH levels in B16 cells were up-regulated by GA, while GSSG levels were reduced.
Consequently, the GSH/GSSG ratio was increased by GA, implying an enhanced intracellular reducing power that is expected to play a crucial role in the regulation of melanogenesis.
DISCUSSION
This present study shows that GA has a dual role as antimelanogenic and antioxidative agents. To our knowledge, this is first report showing such a diverse action for GA. Based on our findings, I propose that this dual role makes GA an effective compound for skin health. In this work, GA clearly reduced mushroom tyrosinase activity in a dose-dependent manner, exhibiting potent tyrosinase inhibitory activity at an IC 50 value of 3.59ϫ10 Ϫ10 M. To evaluate the relative efficacy of GA to other inhibitors, GA was compared with a standard inhibitor, kojic acid. 23) Interestingly, GA was found to show a significantly stronger inhibitory effect than kojic acid (IC 50 ϭ59.7 2ϫ 10 Ϫ6 M).
In our previous study, protocatechuic aldehyde, which is structurally similar to GA having two hydroxyl groups, showed tyrosinase an inhibitory effect. 13) As shown in Fig. 1 , the structure of GA is a tri-hydroxyl phenolic compound; thus, the tyrosinase inhibition efficacy of GA may well be attributed to its phenolic structure. We 13, 14, 24) and other investigators 25) have reported that the phenol ring structure is important in demonstrating antityrosinase activity. In our previous work, the data on the IC 50 of protocatechuic aldehyde was 19.9ϫ10 Ϫ6 M, indicating that GA showed a more powerful effect than protocatechuic aldehyde. This finding corre- lates well with the fact that the number of hydroxyl groups plays a significant role in the inhibition of tyrosinase. 26) For the possible use of GA as skin-whitening agent, the cell cytotoxicity was evaluated, and Fig. 3 shows that GA did not significantly affect cell viability at any concentration tested compared with the untreated control.
In this present work, I studied the inhibitory action of GA on tyrosinase activity in B16 cells treated with a-MSH (Fig.  4) , finding that GA effectively inhibited murine tyrosinase activity. Also, I estimated the melanin synthesis of cultured B16 cells in the presence of GA and found that melanin content was effectively inhibited in a dose-related manner. Our data are consistent with previous reports by us 14) and others 27) that inhibition of melanogenesis is characterized by the inhibition of tyrosinase.
It was reported that antioxidants such as GSH play an important role in the inhibition of melanogenesis. 28) To determine whether GA shows antimelanogenic activity associated with an antioxidant effect, I evaluated its action on RS generation and GSH and GSSG levels. Figure 6 reveals that RS generation was effectively suppressed by GA. GA has tri-hydroxyl groups, thereby verifying a previous report that phenolic hydroxyl groups are important in showing a potent radical scavenging effect. 29) The OH group at the para position to the carboxylic group is especially effectual for antioxidant activity. 16) In addition, the effects of GA in B16 cells revealed its ability to increase intracellular GSH levels, while it decreased GSSG levels, increasing the GSH/GSSG ratio. This enhanced intracellular GSSG-reducing power of GA is expected to play an important role in the regulation of melanogenesis. The RS suppression and the GSH/GSSG ratio enhancement by GA are likely due to the combined effects of hydroxyl groups with antioxidant 25) and its free radical scavenging actions. 29) Results of increased GSH are in agreement with our previous report 14) and correlated with others 10) who reported that GSH provides interrupted melanogenesis in that melanization can not proceed despite the complete formation of the melanosome matrix structure and deficient cellular metabolism inhibitions, such as with protein glycosylation. 10) The findings in this current work with GA showed a combined effect of antimelanogenic and antioxidant activities that were found to inhibit tyrosinase directly and simultaneously suppress oxidative stress. It is worthy noting that the efficacy of GA on melanogenesis inhibition is likely boosted by its antioxidative action.
It would be of some interest to mention the putative effect of GA on the inhibition of skin tyrosinase and melanogenesis under in vivo conditions based our current in vitro data. Although it is difficult to compare the efficacy mainly based on required doses, I speculate that the effective GA's concentration on the skin requires much higher doses than what I found in vitro experimentations. This estimate is based on our previous finding on hydroquinone with IC 50 value of 37.18mM on the mushroom tyrosinase in vitro. 13) However, the reported concentration of hydroquinone ointment for skin depigmentation was 5-10%. 30, 31) I expect that a similar situation may exists in case of GA. Further evaluations are needed to establish GA's efficacy based on its effective dose as a potent inhibitor of melanogenesis.
Taken together, this study demonstrates that GA inhibited tyrosinase and decreased melanin synthesis. Furthermore, this study revealed GA's melanogenesis inhibitory activity based on its antioxidant action. Thus, based on our current findings, I propose that GA could be used as an effective skin-lightening agent and as an antioxidant for the protection of the skin.
